I. INTRODUCTION
Laser-heated diamond anvil cell (LHDAC) coupled with the in situ synchrotron x-ray diffraction (XRD) is a unique and powerful experimental technique for studying a broad range of material properties under extreme conditions up to megabars of pressure and several thousand degrees Kelvin of temperature. Over the last decade, this technique has evolved into a routinely used and productive experimental method at synchrotron beamlines, leading to numerous major scientific advances and a large expansion of high-pressure research in physics, chemistry, geoscience, and materials science. [1] [2] [3] [4] [5] [6] [7] [8] One of the main applications of continuous wave laser heating (CWLH) has been the use of high temperature for overcoming kinetic barriers to phase transformation and for enabling new materials synthesis at high pressure. Thus, technical developments have emphasized long-term system stability with heating duration in a typical experiment lasting from minutes to hours. 9, 10, 15 Such long term temperature stability of the CWLH has made possible many studies of phase transitions, 11 materials synthesis, 6 and sample annealing for equations of state (EOS) measurement. 12 High pressure melting studies using synchrotron x-ray have been complicated by several issues including melt containment, temperature gradient, chemical reactions, and maintaining the exact alignment of the melt volume and the x-ray beam. Pressure-volume-temperature (P-V-T) EOS study is another challenging area that requires the exact alignment of heating, x-ray and temperature measurement positions at all the time during the experiment, which is not always guaranteed in the conventional systems commonly used at synchrotron beamlines.
In recent years, modulated pulse laser heating is being increasingly used for high pressure research. From technical perspective, LHDAC in short time scale has several potential advantages. (1) It reduces the exposure of cell assembly to high temperature conditions. This helps to maintain the cell assembly's structure integrity and stability, thus improves the consistency and quality of experimental measurements and increases the potential for reaching higher pressure and temperature. (2) The short heating duration helps to suppress thermally activated chemical diffusion and reaction. (3) Heating at short time scales and improved temporal resolution of temperature measurement have been very useful for highpressure melting studies, and studies of phase transition dynamics under high pressure. From the scientific perspective, current 3rd and 4th generation synchrotron sources provide opportunities to explore a wide range of physical and chemical phenomena occurring in increasingly short time scales down to femtosecond level. There is a need for LHDAC development to match the time scale of the light sources.
Our technical development objective in recent years has been to advance the experimental capabilities that address specific issues in the most challenging areas of high pressure research, specifically high-pressure melting and P-V-T EOS. In this paper, we summarize new techniques established at the beamline 16-ID-B in recent years, including (1) on-line heating-spot size adjustment to provide effective and uniform heating on various-sized samples in the diamond anvil cell; (2) mirror pinhole setup to allow direct viewing of the temperature sampling area relative to the heating area and x-ray beam, and online adjustment to ensure the ideal alignment for reliable experimental measurements; and (3) modulated laser heating technique synchronized with XRD, temperature measurement, and thermal imaging for high pressure melting and time-resolved studies of phase transition dynamics under high PT conditions. The online laser heating system features double-sided heating in continuous-wave mode or in modulation mode and in situ temperature measurements, independently on both sides. The heating laser spot size can be varied remotely from 4 to >60 µm in flat top area and from 9 to >120 µm in FWHM (flat top area is defined as >90% Gaussian laser peak intensity). The mirror-pinhole at the entrance of the spectrometer allows the experimenters to observe from where temperature is measured relative to the total area of the heated spot for precise alignment and to ensure experiment data quality. In situ XRD is achieved by using a pair of x-ray transparent mirrors for infrared (IR) laser delivery and temperature measurement. The diffraction patterns are recorded with the interchangeable MAR CCD, MAR imaging plate, or a Pilatus 1M detectors. Any of the two of the detectors may be attached to a motorized translation stage to enable fast on-line detector switching.
II. SYSTEM OVERVIEW

A. Heating components and optics
The heating system includes two 100 W IR (1064 nm) Ytterbium fiber lasers for heating DAC from both sides independently. In each laser's beam path, there is a laser beam expander for controlling the laser beam diameter and divergence to achieve a desired heating spot size with a flat temperature profile, a dichroic mirror which reflects the IR laser beam and transmits visible light, an apochromatic objective lens (77 mm focal length, chromatic-aberration corrected for visible and 1064 nm) for laser beam and imaging focusing, and a 4 mm thick amorphous carbon mirror with protected silver coating for reflecting IR laser beams to pass through the opposing diamond anvils for sample heating.
B. Temperature measurement
Temperatures are determined by fitting Planck radiation function (1) to the black-body radiation 13 (600 nm-800 nm) from a spatially selected area (4 µm in diameter) on the heated sample,
where I λ is the spectral intensity, ε emissivity, λ wavelength, T temperature, c 1 = 2πhc = 3.7418 × 10 −16 W m 2 , and c 2 = hc/k = 0.014 388 mK. Thermal radiation from heated sample is collected from both sides of DAC by the same carbon mirrors and objective lenses as used for delivering heating laser. The thermal radiation from each side of the sample then passes through dichroic mirror and notch-filters to remove any IR and is focused by achromatic lens (FL = 1000 mm) onto one of the two respective pinholes on the entrance of the imaging spectrograph 14, 15 (SP2560, Princeton Instruments). We implemented the mirror pinhole concept by Reinhard Boehler et al. 16 This allows the spectrograph entrance pinholes which define the temperature measurement areas on sample being observed together with the heated sample itself. The imaging spectrograph includes two area detectors, a back-illuminated CCD detector (PIXIS 400BR, Princeton Instruments) and a time-gated intensified electron-multiplying CCD detector (em-ICCD, PI-MAX4, Princeton Instruments),
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A comparison of heating stability using lamp-pumped laser (blue symbols) and using diode-pumped fiber laser (red symbols). The experiments were conducted in megabar pressure range with identical sample and cell assembly configuration.
which can be used interchangeably. The spectral ranges available on the detectors are 169 nm (300 G/mm grating) and 340 nm (150 G/mm grating) on the CCD detector, and 157 nm (150 G/mm grating) on the em-ICCD detector. The em-ICCD detector can be electronically gated at the picosecond level and used for fast temperature measurement. In continuous-wave laser heating, the replacement of the previously used lamp-pumped lasers 15 by the diodepumped fiber lasers has significantly improved the sample heating stability. Figure 2 shows the standard deviations of multiple measurements in a time period of 1-2 h in experiments of magnesium silicate post-perovskite study conducted under megabar pressure range using lamp-pumped laser (blue symbols) and using diode-pumped fiber laser (red symbols).
III. NEW CAPABILITIES A. In situ heating spot size variation
In conventional laser heating systems used in most user facilities, the power of laser spot at the sample focus has a Gaussian radial distribution, typically fixed at 20-30 µm in FWHM. However, the sample sizes in DAC vary from a few to over 100 µm in the dimension normal to the laser beam. The small heating spot size causes temperature gradient inside the heated sample. Temperature gradient is problematic for some samples. For instance, temperature gradient in ironcontaining silicates causes the iron to migrate and consequently changes the chemical composition of the sample and affects the experimental result. Conversely, if the sample dimensions are very small (<10 µm), a smaller laser spot may be required for effective heating. In order to meet the diverse heating requirements, we have developed a system which allows the on-line remote control and viewing of the laser spot size and consequently temperature gradient in the samples during an actual heating experiment. The in situ heating spot size control is achieved using a system with a Galilean beam expander design shown in Figure 3 (a). It consists of a 30-mm concave lens and a 100-mm convex lens mounted on a linear stage for varying the distance between the two lenses, which changes both the laser beam size and divergence and consequently changes the focus size.
The focus size, flat-top dimension (spot width at 90% intensity), and FWHM, as a function of the linear stage motor position, are shown in Figure 3(b) . The focus size of the resulting laser spot decreases with increasing distance between the two lenses. The heating spot sizes in 3(b) are determined from measured thermal radiation distribution of actual heating spots, one such example is shown in 3(c). The flat-top area focus sizes from 4 µm to >60 µm have been achieved and used in user experiments (Figures 4 and 6) .
B. Mirror pinhole setup
The alignment of heating laser, x-ray beam and temperature measurement areas is a key to a successful in situ measurement. Previously, the temperature sampling area could not be viewed directly and the users were not provided FIG. 6 . Laser heating of a 5 µm Pt sample. Left: before heating, sample is capsulated in single crystal MgO prepared by Karandikar. Right: laser heated sample viewed through the mirror pinhole system. The center black area is an image of the actual pinhole at the spectrograph entrance for collecting thermal radiation. The image shows that the temperature sampling area is aligned with the heating area of the sample.
with an in situ observation of the correct system alignment. However, for studies requiring exact alignment between XRD, heating spot and temperature measurements, e.g., P-V-T EOS, and for samples with dimensions <10 µm, 1 µm accuracy is essential. It is generally known that the instability level for typical mechanical system used at beamlines can result in a misalignment of several microns between the heating laser spot, x-ray beam, and temperature sampling area. Such misalignment may lead to systematic measurement errors and can be detrimental for measurement at very high pressures where sample features can typically be <10 µm. Mirror pinhole setup 16 addresses this issue and allows experimenters to view the pinhole position relative to heating and XRD spots and make proper adjustment if needed.
The mirror pinhole setup in the laser heating system at 16-ID-B is demonstrated in Figure 5 . A CAD drawing of the setup is shown in (a) and a schematic illustration in (b). In our system, we use an aluminum plate with a mirrorquality surface. Two round (50 µm diameter) pinholes are located in the central area of the aluminum plate, vertically separated by 6 mm. The mirror pinhole plate is mounted at the spectrograph entrance. The spectrographs collect the thermal radiation which goes through each of the pinholes, one for each of respective side of a heated sample. The mirror serves for reflecting the image of sample, which may either be the thermal image of the sample or the fluorescence spot of x-ray beam used for alignment. Cube beam splitters are A comparison of power output of CW laser, pulsed laser, and modulated CW laser. The power distribution of the pulsed emission is typically close to Gaussian, not the squared shape as schematically shown. The pulse shape from a CW modulation is defined by a power ramp up, an overshoot immediately after the ramp up, a period of constant power, and a power ramp down. The square shape as schematically shown can be achieved through electro-optical modulation which will be presented in a separate paper.
used for collecting the light reflected from the mirror pinhole surface to be used in a viewing system (focusing objective, Navitar; CoolSNAP HQ2 camera, Princeton Instruments). This setup allows the experimenters to directly observe the pinhole position relative to the heating spot, sample, fluorescence spot of x-ray beam, thus ensuring the exact alignment.
As shown in Figure 6 , when heating a 5-µm Pt sample, the exact alignment is achieved for a reliable temperature measurement.
C. Modulated pulse laser heating and the synchronization with XRD
Pulse laser heating can be achieved using a pulsed laser or a CW laser in modulation mode. However, due to the differences in power output, the two types of lasers are targeted for different applications. The power output of CW laser, pulsed laser, and CW modulation is illustrated in Figure 7 .
Pulsed lasers release laser energy in a very short time scale of each pulse duration (femtoseconds to nanoseconds); therefore, the peak power of the pulses is much higher than that of a CW laser with the same amount of energy. Pulses in CW modulation, on the other hand, are generated through laser emission control, and its peak power is the same as the CW laser output of same energy level. The pulse duration of CW modulation ranges from microseconds to seconds with constant power level, offering opportunities for a much wider range of applications in research of structural properties including phase transition, melting, and P-V-T EOS.
At HPCAT, we focus on developing techniques for applications using CW modulation. These applications involve single laser pulse generation (IPG lasers) synchronized with temperature (CCD and em-ICCD) and XRD (Pilatus 1M) measurements.
Our current setup is illustrated schematically in Figure 8 . As shown in the figure, the trigger pulses for laser, temperature measurement, XRD, and viewing camera recording are generated by a pulse generator (Berkeley Nucleonics Corporation, BNC Model 505). The pulse duration and frequency for each device and the synchronization of all devices are controlled by EPICS software with MEDM graphical user interface and displayed on a digital phosphor oscilloscope (Tektronix TDS 3054 C).
In Figure 9 , we show a few commonly used combinations of triggering pulses and their synchronization: single pulse heating with synchronized temperature and XRD measurements in (a) and (b) and single pulse (c) and ramp (d) heating with synchronized multiple temperature and XRD measurements for time-resolved studies.
Modulated pulse laser heating offers promising opportunity for high pressure melting research. Figure 10 shows XRD patterns of uranium at high pressure captured before, during, and after a laser heating pulse using the triggering combination shown in Figure 9 (b) with laser heating pulse width 1 second, temperature CCD pulse width 0.8 s, and XRD pulse width 0.8 s. This triggering combination allows to record the data from a complete sequence of sample conditions with one press of a button. FIG. 8 . A schematic illustration of the setup currently used at HPCAT for pulse generation and synchronization. The oscilloscope displays a single laser pulse (channel 3) synchronized with a temperature pulse (channel 2) and XRD pulses (channel 1). Channel 4, typically used for displaying either input pulses for viewing camera or the output pulses from detectors, is not shown on the oscilloscope display. This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: 
D. Synchronized fast thermal imaging and application to melting studies
In CW laser heating, the mirror pinhole setup provides a reliable way to ensure the alignment of temperature measurement area with heating spot by directly comparing the images of pinhole and heating spot (thermal radiation) on camera's monitor. Due to the short heating duration, in pulse heating, especially with single pulse heating, the capture of the thermal radiation image needs to be fast and synchronized with laser pulse. This is achieved by gating the thermal imaging camera in synchronization with the heating pulses. The imaging system currently in use allows the recording of thermal images 20 ms apart. An example of such synchronization is shown in Figure 11 (a). The capture of the thermal image of a heating spot within a heating pulse duration is essential for checking the alignment of the heating spot with the temperature measurement pinhole. In Figure 11 (b), the image on the left was captured during a heating pulse showing a slight misalignment between the heating spot and the pinhole. To align the two, laser position adjustment was made, and the image on the right shows improved alignment.
The synchronized fast thermal imaging in combination with the mirror pinhole setup discussed in Section III B ensures the exact alignment of heating spot, temperature, and XRD measurements in single pulse laser heating experiments. Figure 12 shows the result of temperature measurements in a Mo melting experiment under very high pressure using single pulse laser heating. Mo samples were loaded between single crystal MgO thermal insulation layers of identical thicknesses. The heating and measurements were conducted using FIG. 10 . Melting of uranium at high pressure captured using the pulse synchronization displayed in Figure 9 (b), before (left), during (middle), and after (right) the heating pulse (in collaboration with Hyunchae Cynn). after melting. In addition to the small temperature difference, the average temperature of the two sides increases linearly with laser power before melting. Melting induces some visible instability when compared with the data in the solid phase, the increased temperature difference as shown in Figure 12(a) , and the slight nonlinearity in the temperature-power relationship as shown in Figure 12(b) .
This result demonstrates the benefits of reliable alignment using the mirror pinhole setup and the synchronized thermal imaging, as well as the short heating duration. The short heating duration minimizes the effect of high temperature and melting on cell assembly stability, and this allows the temperatures of the melt phase being measured up to near 6000 K.
IV. SUMMARY
In the past a few years, several new capabilities in both CW and modulation pulse laser heating areas have been developed and implemented at HPCAT. These capabilities allow users to have in situ control of heating spot size, to directly observe temperature sampling position relative to heating spot, and to ensure precise alignment. With an added time dimension, laser heating synchronized with temperature and XRD measurements at a microsecond time scale have been achieved. These new capabilities provide opportunities for challenging high-pressure research including high-pressure melting and P-V-T equation of state measurements.
